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Pentaquarks uudds¯ with one color sextet diquark
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The masses of pentaquarks uudds¯ are calculated within the framework of a semirelativistic effective
QCD Hamiltonian, using a diquark picture. This approximation allows a correct treatment of the
confinement, assumed here to be similar to a Y-junction. With only color antitriplet diquarks, the
mass of the pentaquark candidate Θ with positive parity is found around 2.2 GeV. It is shown
that, if a color sextet diquark is present, the lowest uudds¯ pentaquark is characterized by a much
smaller mass with a negative parity. A mass below 1.7 GeV is computed, if the masses of the color
antitriplet and color sextet diquarks are taken similar.
INTRODUCTION
Recent experiments have reported the existence of a
very narrow peak in K+n and K0p invariant mass distri-
butions at 1.540 GeV [1]. This Θ resonance with isospin
I = 0, which has been confirmed by several experimental
groups in various reaction channels [2], is interpreted as a
uudds¯ pentaquark [3]. Quantum numbers are not known,
and various theories predict a JP = 1/2+ or 1/2− assign-
ment.
A popular model to describe the pentaquarks relies
on the hypothesis that quarks can form diquark clusters
inside the pentaquark. In this case, the confinement,
which is at the origin a complicated five-body interaction
with 7 strings, reduces to a three-body interaction with
3 strings. A realistic confinement potential can then be
built. The diquark picture has been proposed to explain
the properties of the Θ resonance (let us note that this
picture is not used in all models [4]). In Ref. [5, 6, 7], a
good value is obtained for the mass, but these models do
not take into account the full dynamics. In Refs. [8, 9,
10], the confinement is correctly taken into account and,
as a consequence, pentaquark masses are found above
2 GeV.
Such high masses are found because the pentaquark
is assumed to be composed of one antiquark and two
identical color antitriplet [ud] diquarks with vanishing
spin and isospin. In that case, the two identical diquarks
must be in a relative P -wave in order to fulfill the Pauli
principle, and the lowest state has a total positive parity.
On the contrary, if two different diquarks are contained
in a pentaquark, this P -wave penalty can be avoided, but
the lowest state has a total negative parity.
In this work we show that pentaquarks can be com-
posed with two different diquarks, one in a color an-
titriplet representation and the other in a color sextet
representation. Provided some reasonable assumptions
are made about the diquark masses, a uudds¯ pentaquark
with a negative parity can be computed at mass near the
Θ mass.
[ud] DIQUARKS
All short-range interactions available between quarks,
one-gluon exchange [11], Goldstone-boson exchange [12],
and instanton induced [13] interactions, predict that the
most probable diquark which can be formed is the [ud]
pair in a color 3¯ representation with vanishing spin and
isospin. Such a structure with those quantum numbers
is allowed by the Pauli principle and is denoted D.
The instanton interaction between two quarks is a zero
range interaction given in Ref. [14]. It has the structure
of projectors on flavor-spin-color, and depends on two
dimensioned constants g and g′. The spatial dependence
of the potential is singular and is generally regularized
by a Gaussian function ρ(r) [14].
TABLE I: Possible [ud] diquarks, with their quantum num-
bers (color representation C, isospin I and spin S). The con-
tributions of the instanton induced force (Inst.) and of the
one-gluon exchange (OGE) potential are indicated.
Notation C I S Inst. OGE
D 3¯ 0 0 −4 g ρ(r) −2/3αS/r
D′ 6 0 1 −2 g ρ(r) +1/3αS/r
The instanton induced interaction is also attractive for
a [ud] pair in color 6 representation with spin 1 and van-
ishing isospin. Such a structure denoted D′ is also al-
lowed by the Pauli principle and could exist [15, 16]. De-
spite a repulsive Coulomb contribution (see Table I), a di-
quark with these quantum numbers could also be formed
into an exotic hadron. A very simple model developed
below shows that color antitriplet and color sextet di-
quarks could have similar masses.
2ONE-GLUON EXCHANGE POTENTIAL
The total contribution of the one-gluon exchange pro-
cess, at zero order, is
VOGE = αS
3∑
i<j=1
λ˜iλ˜j
4
1
|~ri − ~rj |
, (1)
where αs is the strong coupling constant and λ˜i a color
operator for the ith colored object. In a DDs¯ pen-
taquark, the contributions of the color operators are the
same for the three possible pairs, like in a (anti)baryon:
〈λ˜iλ˜j/4〉 = −2/3. In a DD
′s¯ pentaquark, the situation is
different: 〈λ˜Dλ˜s¯/4〉 = +1/3, 〈λ˜D′ λ˜s¯/4〉 = 〈λ˜Dλ˜D′/4〉 =
−5/3. The sum of the color factors for the three pairs
is −2 for a DDs¯ pentaquark and −3 for a DD′s¯ pen-
taquark. So we can expect, at first approximation, a
stronger attraction for the last system. This Coulomb
attraction is reinforced by the possibility of a L = 0 total
angular orbital momentum for the DD′s¯ system.
CONFINEMENT
The probably best possible simulation of the confine-
ment in a three colored object system is a Y-junction
potential. Each colored source generates a flux tube and
the three strings connect at some point with position ~r0,
in order to minimize the potential energy. It is expected
that the energy density of the tube is proportional to the
color Casimir operator of the source λ˜2i /4 and the length
of the flux tube [17, 18]. The Y-junction potential, at
zero order, is then written
VY =
3 a
4
min
~r0
[
3∑
i=1
λ˜2i
4
|~ri − ~r0|
]
, (2)
where a is the usual string tension.
This complicated three-body interaction can be simu-
lated by another type of junction in which the three flux
tubes connect to the center of mass of the system. This
one-body approximation is quite good (better than 2%)
provided the string tension is slightly renormalized [19].
So, the confinement we use in this work is
VCM = f
3 a
4
3∑
i=1
λ˜2i
4
|~ri − ~rCM|, (3)
where ~rCM is center of mass coordinate. The param-
eter f < 1 rescales the interaction to simulate at
best the Y-junction. The possible values for the color
Casimir operator are 〈s¯|λ˜2/4|s¯〉 = 〈D|λ˜2/4|D〉 = 4/3 and
〈D′|λ˜2/4|D′〉 = 10/3. With these numbers, an increase of
the confinement interaction can be expected for a DD′s¯
pentaquark with respect to a DDs¯ pentaquark.
RESIDUAL INTERACTIONS
The instanton interactions, which are assumed to be
responsible for the existence of the diquarks, must act
also between a quark inside a diquark and the other
quarks or the antiquark of the pentaquark. In Ref. [10],
the residual instanton interactions are computed for the
lowestDDs¯ pentaquark. They act between the antiquark
and any of the u and d quarks inside the diquarks (no
such contribution is expected between the two diquarks
since they are in a P -wave). This decreases the mass
of such a state by a quantity which is around 40 MeV.
In the lowest DD′s¯ pentaquark, the attractive instanton
interactions act between all the component quarks and
antiquark since the DD′ system is in a S-wave. A first
crude estimation of this effect, which depend on the to-
tal spin of the pentaquark, gives a total potential whose
strength is 2-3 times the corresponding one in aDDs¯ pen-
taquark. So the mass of the lowestDD′s¯ system could be
decreased by a quantity which is around 100-150 MeV.
Supplementary residual interactions stemming from
the one-gluon exchange process can act in pentaquarks.
A gluon carrying both spin and color can turn a D di-
quark into a D′ diquark. This mechanism can couple
DDs¯ and DD′s¯ pentaquarks and can decrease the mass
of the lowest system, that is to say the DD′s¯ as we shall
see below. It can also produce an oscillation D ↔ D′
inside a DD′s¯ pentaquark. Such a mechanism can be
generated by an color-spin interaction of type λ˜iλ˜j ~si~sj
between the quarks inside the diquarks. As this poten-
tial is a relativistic correction to the one-gluon exchange
potential, its contribution to the mass is expected weaker
than those due to the interactions considered above.
All these contributions are not easy to calculate, but
they could lead to the existence of several pentaquarks
with masses differing only from several tens of MeV. This
must be confirmed experimentally.
TOTAL HAMILTONIAN
We use an effective QCD Hamiltonian derived in
Ref. [8], but with all its auxiliary fields eliminated, as
defined in Ref. [20]. The total Hamiltonian, in the cen-
ter of mass frame, is a semirelativistic kinetic energy
part supplemented by the Coulomb part of the one-gluon
exchange potential VOGE and the confinement VCM de-
scribed above
H0 =
3∑
i=1
√
~p 2i +m
2
i + VOGE + VCM. (4)
Due to their probable weak contributions, the compli-
cated residual interactions discussed above are not taken
into account here.
3The particle self-energy is computed and appears as a
contribution depending on the constituent particle mass
M =M0 +
3∑
i=1
C(si,mi, a, δ)
〈
√
~p 2i +m
2
i 〉
, (5)
whereM0 is an eigenvalue ofH0 and where C(si,mi, a, δ)
is a negative contribution for a fermion and vanishes for
a boson [8]. The inverse gluonic correlation length δ is
around 1 GeV (the results are not sensitive to this pa-
rameter). In pentaquarks with diquark clustering, the
only contribution of the self-energy comes from the an-
tiquark. This Hamiltonian was used in Ref. [10] for the
DDs¯ systems.
PARAMETERS
The values of the parameters a, αS , δ andmn (n stands
for u or d) are taken from a previous work about pen-
taquarks [8]. When the three colored sources are identi-
cal, a good value for the parameter f is around 0.94 [19].
In this paper, we use this value for both DDs¯ and DD′s¯
pentaquarks.
The parameters mD and ms are computed in order to
reproduce the masses of the baryons N and Λ considered
as Dq systems. The procedure to compute these baryon
masses relies on the operators (4) and (5) adapted to a
meson-like system, as in Ref. [10]. To consider the N
and Λ baryons respectively as pure Dn and Ds states is
probably not the better approximation [21]. But our aim
is just to obtain a reasonable estimation for the mass of
the diquark D. A mass of 350 MeV is in good agreement
with some other works [6, 8, 10, 21]. Table II summarizes
the parameters used in our calculations.
The color sextet diquark D′ does not appear in any
baryon. So it is not possible to fix its mass, as for the
diquark D. Since a simple model yields similar masses
for the D and D′ diquarks (see below), mD′ is considered
here as a free parameter, with a value around mD.
TABLE II: Parameters of the model.
a = 0.15 GeV2 mn = 0
f = 0.94 ms = 0.260 GeV
αS = 0.39 mD = 0.350 GeV
δ = 1 GeV mD′ = mD
ESTIMATION OF DIQUARK MASSES
An estimation of the diquark masses can be obtained
by a simple potential model, in the same spirit as in
Refs. [11, 16, 21]. The two-quark Hamiltonian takes the
following form
H0 =
2∑
i=1
√
~p 2i +m
2
i +WInst. +WOGE + ǫC a r. (6)
The mass operator takes also into account the quark self-
energy (see formula (5) but for two particles). The in-
stanton contribution WInst. and the one-gluon exchange
contributionWOGE are given in Table I. As diquarks are
not color singlet, it is not easy to determine the better
form for the “confinement”. In Refs. [11, 21], a potential
a r/2 is introduced for the diquark D, based on a λ˜iλ˜j
structure for color. But such a prescription induces an
anticonfining interaction for the D′, and clearly is not
satisfactory. Thus, the situation concerning the confine-
ment in diquarks is quite unclear. Here we assume that
the confinement is given by ǫC a r, in which ǫC is a pa-
rameter in the range [0-1] which could depend on the
total color C of the diquark [16].
Because this Hamiltonian takes into account the in-
stanton forces, the parameters chosen are taken from
Ref. [10], except ǫ3¯ = 0.65 and ǫ6 = 0.40 which are
taken from Ref. [16]. We then find mD = 0.531 GeV
and mD′ = 0.430 GeV. This value of mD is larger that
the one used in this work, but the important result is
that mD′ < mD. The diquarks D and D
′ have the same
mass at 0.350 GeV with ǫ3¯ = 0.38 and ǫ6 = 0.33. Let us
mention that, within this model, the diquark D (D′) can
be a quite small object with a size
√
〈r2〉 varying from
1.0 fm (1.6 fm) to 0.5 fm (0.8 fm) when ǫC increases from
0.2 to 1.
RESULTS
The numerical algorithm to solve the two-body prob-
lem is based on the very accurate Lagrange-mesh method
[22], and the technique to solve the three-body problem
relies on an expansion of the wave function in terms of
harmonic oscillator states with different sizes [23]. After
careful checks of the convergence properties, we conclude
that, with 20 quanta bases, a precision around 10 MeV
can be obtained for pentaquark masses. The masses of
some uudds¯ pentaquarks are presented in Table III.
The lowest DDs¯ is characterized by JP = 1/2+ and
has a mass far above the experimental value 1.540 GeV.
This result is in agreement with those of Refs. [8, 9, 10].
The mass of the lowest DD′s¯ is given with the con-
dition mD = mD′ . This state is characterized by J
P =
1/2−. The low mass obtained is due mainly to the fact
that the P -wave penalty is avoided (The 1/2+ state with
L = 1 is around 300 MeV above the 1/2− state with
L = 0). But other effects are necessary to explain this
value. The strong Coulomb potential plays an impor-
tant role in the decreasing of the masses. If we put ar-
bitrarily 〈λ˜iλ˜j/4〉 = −2/3, as in a DDs¯ pentaquark, the
4mass of the lowest DD′s¯ pentaquark increases by around
150 MeV. Moreover, contrary to what it is expected, the
interplay between the confinement, the Coulomb forces,
and the S-wave configuration makes the confining en-
ergy smaller with a DD′s¯ internal color configuration
that with a DDs¯ one. The gain in binding energy is
around 150 MeV.
TABLE III: Masses in GeV (rounded to the nearest 10 MeV)
for the lowest uudds¯ pentaquarks, with their spin-parity JP
and quark content (mD = mD′).
Content JP Mass Content JP Mass
DDs¯ 1/2+ 2.380 DD′ s¯ 1/2− 1.680
1/2− 2.670 1/2+ 1.950
Obviously, the masses of the DD′s¯ pentaquarks de-
pend on the D′ mass. When mD′ varies from 0.2 to
0.5 GeV, the mass of the 1/2− DD′s¯ varies from 1.550
to 1.800 GeV. The dependence is a quasi-linear one, with
a slope . 1. With reasonable values for the D′ mass, the
lowest DD′s¯ state lies not too far from the experimen-
tal Θ mass. As mentioned above, some gain of binding
energy could appear with the residual instanton induced
interactions.
CONCLUDING REMARKS
It has been shown that dynamical models of the pen-
taquark uudds¯ within the diquark picture predict masses
above 2 GeV, when the two component diquarks (scalar,
isospin singlet, color antitriplet) are identical [8, 9, 10].
It is shown here that an effective QCD Hamiltonian
predict that the lowest uudds¯ pentaquark is a 1/2− state
with a mass close to the Θ mass, provided this pen-
taquark contains two different isospin singlet diquarks,
one in a color antitriplet configuration and the other in
a color sextet one. This large shift in mass is obtained
independently of the value chosen for the sextet diquark
mass, although the precise value does obviously depend
on it. The low mass obtained is due mainly to the fact
that the P -wave penalty is avoided. But the particu-
lar color structures of the Coulomb potential and of the
confinement are necessary to explain this value.
Our JP = 1/2− assignment is in agreement with the
QCD sum rules which predict a negative parity for the Θ
resonance [24]. The lattice QCD calculations also predict
that the parity of this state is most likely negative [25].
It is possible that a lower mass, closer to the experi-
mental values, could be computed if the contribution of
the residual interactions for DD′s¯ pentaquark are taken
into account (such a work is in progress). If this is the
case, it will be interesting to study the decay of this state,
in order to understand the reasons of the small width of
the Θ resonance. This kind of calculation is complicated
and out of the scope of this paper.
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